nature structural & molecular biology a r t i c l e s SMD downregulates hundreds of human transcripts that regulate myogenesis 1 , cutaneous wound healing 2 , adipogenesis 3 and many if not most other cellular processes 4 . One of the first SMD targets identified was human c-JUN (official symbol JUN) mRNA 5 , which encodes a protein that, together with c-FOS, forms the AP-1 earlyresponse transcription factor 6, 7 . Because AP-1 regulates cell proliferation, differentiation, apoptosis, organogenesis and stress responses, SMD does also.
a r t i c l e s SMD downregulates hundreds of human transcripts that regulate myogenesis 1 , cutaneous wound healing 2 , adipogenesis 3 and many if not most other cellular processes 4 . One of the first SMD targets identified was human c-JUN (official symbol JUN) mRNA 5 , which encodes a protein that, together with c-FOS, forms the AP-1 earlyresponse transcription factor 6, 7 . Because AP-1 regulates cell proliferation, differentiation, apoptosis, organogenesis and stress responses, SMD does also.
SMD is a translation-dependent process that targets mRNAs containing a 3′-UTR SBS 5, 8 . SBSs can form intramolecularly, as best exemplified by the 19-base-pair stem and associated apex that typifies the 3′ UTR of mRNA encoding human ADP-ribosylation factor 1 (ARF1) 8 . In support of its functional significance, this structure is conserved in the 3′ UTR of ARF1 mRNA in rats and mice 8 . SBSs can also form intermolecularly through base-pairing between the Alu element within the 3′ UTR of an SMD target and the Alu element within one or more partially complementary long noncoding RNAs (lncRNAs), which we have called 1/2-sbsRNAs because they comprise one strand (i.e., half) of a double-stranded SBS 2 . As an example, the 3′-UTR Alu element within mRNA encoding CUB domaincontaining protein 1 (CDCP1), which functions at the cell surface as an antiapoptotic agent that promotes tumor-cell viability in early states of metastatic colonization 9 , is targeted for SMD upon base-pairing with the lncRNA that we have named 1/2-sbsRNA2 (i.e., the second of those 1/2-sbsRNAs that we have studied) 2 . Alu elements are short interspersed elements (SINEs) that are unique to primates, are ~300 base pairs in length and constitute ~13% of the human genome 10 . Remarkably, B and identifier (ID) SINEs within lncRNAs of mice, which we call m1/2-sbsRNAs, function analogously to Alu elements within 1/2-sbsRNAs of primates and trigger SMD despite the independent evolution of B and ID elements relative to Alu elements 11 . SMD, like the mechanistically related NMD pathway, involves the UPF1 RNA helicase 4, 12 . An SBS bound by STAU1 and/or its paralog STAU2 (ref. 13 ) is thought to function during SMD analogously to how a splicing-dependent exon junction complex (EJC) functions during NMD: when translation terminates sufficiently upstream of either complex so that the terminating ribosome fails to displace the associated proteins, then mRNA decay will occur, provided that the complex has acquired UPF1. STAU1 and STAU2 bind UPF1 directly during SMD 13 , as does the EJC constituent UPF2 (refs. 14,15) or, in some cases, the EJC constituent UPF3X (also called UPF3B) 1, 16, 17 during NMD. Although studies of intermolecular SBSs have been restricted to sequences containing no more than two consecutive nucleotide mismatches, SBSs are apt to be more tolerant of mismatches, given that their lengths can range from ~86 to 300 base pairs 2 . Tolerance is also likely to be engendered by the ability of STAU1 and STAU2 to form homodimers and heterodimers, if not homomultimers and heteromultimers 18, 19 .
The finding that mRNA-lncRNA interactions occur in cells through Alu-element base-pairing raised the intriguing issue of whether mRNA-mRNA interactions also occur in cells through Alu-element base-pairing. Additionally, because only the mRNA strand of those mRNA-lncRNA duplexes studied to date is targeted for SMD, if mRNA-mRNA duplexes do form, would only one mRNA strand or both mRNA strands be targeted for SMD?
To begin to address these possibilities, we computationally determine that 15,530,838 mRNA-mRNA duplexes potentially exist in human cells through intermolecular 3′-UTR Alu-element base-pairing. We predict that a single mRNA can interact with multiple mRNAs through 3′-UTR Alu-element base-pairing and demonstrate that mRNA-mRNA duplex formation can compete with mRNA-lncRNA duplex formation. Each mRNA of an mRNA-mRNA duplex is targeted a r t i c l e s for SMD, provided that each is translated and that translation terminates sufficiently upstream of the SBS. We demonstrate the functional significance of mRNA-mRNA duplex formation in studies of mRNA encoding CDCP1. Our findings uncover a previously unappreciated function for mammalian mRNAs. This function adds a new and unanticipated layer of complexity to the intricate network of posttranscriptional interactions that regulate human gene expression.
RESULTS
Computationally predicted human mRNA-mRNA duplexes Of the 129,138 human transcripts reported in ENSEMBL, we determined that 3,943 contain a single 3′-UTR Alu element (RepeatMasker). We used DuplexFold 20 to obtain the predicted ∆G values of computationally derived mRNA-mRNA duplexes formed through base-pairing of partially complementary 3′-UTR Alu elements (Online Methods). Results revealed that duplexes between bona fide SMD targets were among the 15,530,838 duplexes obtained. Two of the bona fide SMD targets, CDCP1 mRNA 2 and Sosondowah ankyrin repeat domain family member C (SOWAHC) mRNA, formerly called FLJ21870 mRNA 2 , are predicted to form duplexes through their 3′-UTR Alu elements, with a ∆G value of −224 kcal/mol (Fig. 1a, Supplementary Fig. 1a ,b and Supplementary Table 1) . Short interfering RNA (siRNA) to SOWAHC mRNA, an mRNA that encodes a protein ( Supplementary  Fig. 1c ) of unknown function, stimulates wound healing after scrape injury to keratinocyte monolayers, as monitored by the migration rate of human keratinocyte HaCaT cells into a denuded wound track 2 . Intriguingly, upregulation of CDCP1 protein also increases cell motility 9 . We hypothesized that if CDCP1 mRNA−SOWAHC mRNA duplexes were to form, recruit STAU1 and trigger the SMD of each constituent mRNA, then downregulation of SOWAHC mRNA would upregulate CDCP1 mRNA. The resulting increase in CDCP1 protein would promote cell motility, because there is no evidence that SOWAHC protein affects cell motility (Supplementary Fig. 1d ). The CDCP1 mRNA 3′-UTR Alu element is also predicted to duplex with the 3′-UTR Alu element of another bona fide SMD target that encodes RAB11 family interacting protein 1 (RAB11FIP1), with a ∆G value of −251.2 kcal/mol (Fig. 1a, Supplementary Fig. 1a,b and Supplementary Table 1) . We hypothesized that downregulation of RAB11FIP1 mRNA would likewise increase the abundance of CDCP1 mRNA. However, because RAB11FIP1 protein has been shown to promote wound healing 2 , downregulation of RAB11FIP1 protein may mask the promotion of wound healing attributable to the upregulation of CDCP1 protein (Supplementary Fig. 1d ).
SOWAHC mRNA reduces the levels of predicted mRNA partners In testing these hypotheses, we found that downregulation of the cellular abundance of either SOWAHC or RAB11FIP1 mRNA to ~10-fold below normal indeed increased the level of CDCP1 mRNA to ~2-fold above normal (Fig. 1b and Supplementary Fig. 1e,f) . As expected, because each is an SMD target, the level of SOWAHC, RAB11FIP1 or CDCP1 mRNA was increased above normal by either STAU1 or UPF1 siRNA (Fig. 1b,c and Supplementary Fig. 1e,f) . The reduction in CDCP1 mRNA abundance by SOWAHC mRNA is attributable to SOWAHC 3′-UTR sequences: a comparable level of an exogenous source of this 3′ UTR (i.e., from expression of the plasmid pFLUC-SOWAHC 3′ UTR, which encodes mRNA containing the firefly luciferase (FLUC) open translational reading frame upstream of the SOWAHC 3′ UTR) decreased the level of CDCP1 mRNA ( Fig. 1d and Supplementary Fig. 1g,h ). This decrease was eliminated when the abundance of cellular SOWAHC mRNA was reduced ( Fig. 1d and Supplementary Fig. 1g,h) . In contrast, an exogenous source of SOWAHC 3′ UTR that lacks the Alu element (i.e., from expression of Table 1) . Remarkably, downregulation of either SOWAHC or RAB11FIP1 mRNA increased the levels of TUFT1 and PPID mRNAs to 2.5-to 3-fold above normal ( Fig. 1b and Supplementary Fig. 1e,f) . These increases were attributable to SMD because downregulation of either STAU1 or UPF1 increased the levels of TUFT1 and PPID mRNAs to 2-to 2.5-fold above normal (Fig. 1b,c and Supplementary Fig. 1e,f) . Furthermore, these increases were mediated by the SOWAHC 3′-UTR Alu element ( Fig. 1d and Supplementary Fig. 1g,h ).
It should be noted that although the 3′-UTR Alu element of SERPINE1 mRNA is predicted to form a duplex with the 3′-UTR Alu element of CDCP1, TUFT1 and PPID mRNAs ( Supplementary Fig. 1a) , with ∆G values of −137.6 kcal/mol, −100.7 kcal/mol and −74.1 kcal/mol, respectively ( Supplementary Fig. 1b) , the level of only PPID mRNA was increased when the level of SERPINE1 mRNA was decreased. Thus, ∆G values alone are insufficient indicators of cellular base-pairing. For example, although BAG5 mRNA and CDCP1 mRNA are predicted to form duplexes with the lncRNA 1/2-sbsRNA2, with ∆G values of −416 kcal/mol and −153.7 kcal/mol, respectively 9 , only CDCP1 mRNA is targeted for SMD in HeLa cells because BAG5 mRNA fails to bind 1/2-sbsRNA2 (and undoubtedly other 1/2-sbs RNAs that are computationally predicted to base-pair with BAG5 mRNA) and thus STAU1 (refs. 2,21) . Fig. 1i-n) . By analogy to the rule establishing which termination codons trigger NMD on the basis of their distance from a downstream EJC 12, 22 , our results suggest that the 30-nucleotide SBSs must reside a minimum distance (>44 nucleotides) downstream of a termination codon to trigger SMD. Thus, multiple factors determine whether a potential mRNA-mRNA duplex will target either constituent mRNA for SMD (described below).
mRNA-mRNA duplexes create SBSs
If an SBS could be formed by the 3′-UTR Alu element of SOWAHC mRNA base-pairing with the 3′-UTR Alu element of CDCP1, TUFT1 or PPID mRNA, then it should be possible to coimmunoprecipitate the respective mRNA-mRNA complexes. To test this possibility, we performed formaldehyde cross-linking, using HeLa cells that transiently expressed two plasmid DNAs, so that only bona fide cellular complexes would be examined. The first plasmid encoded either FLUC-SOWAHC 3′-UTR-MS2bs mRNA, which contains 12 copies of the MS2 coat protein-binding site (MS2bs) upstream of the FLUC-SOWAHC 3′-UTR polyadenylation signal or, as negative controls, FLUC-MS2bs mRNA or FLUC-SOWAHC 3′-UTR mRNA (Fig. 2a) ; the second plasmid encoded Flag-MS2-hMGFP protein, which consists of the MS2 coat protein tagged with the Flag epitope and fused to monster GFP (hMGFP) 2 . A fraction of each lysate was then immunoprecipitated with anti-Flag antibody. Prior to immunoprecipitation (IP), when compared to FLUC-MS2bs mRNA expression, FLUC-SOWAHC 3′-UTR mRNA or FLUC-SOWAHC 3′-UTR-MS2bs mRNA expression decreased the abundance of CDCP1, TUFT1 and PPID mRNAs without affecting the level of other SMD targets such as SERPINE1 mRNA (Fig. 2b) .
In support of the concept that the 3′-UTR Alu element of SOWAHC mRNA forms an SBS through intermolecular base-pairing with the 3′-UTR Alu element of CDCP1, TUFT1 or PPID mRNA, retrieval of the SOWAHC 3′ UTR from lysates of cells expressing FLUC-SOWAHC 3′-UTR-MS2bs mRNA with the anti-Flag antibody also immunoprecipitated cellular STAU1, STAU2 (which, like its STAU1 paralog, also functions in SMD 13 ) and UPF1 and cellular CDCP1, TUFT1 and PPID mRNAs (Fig. 2c) . This did not occur when we used lysates expressing FLUC-SOWAHC 3′-UTR mRNA, FLUC-MS2bs mRNA (Fig. 2b) or FLUC-SOWAHC 3′-UTR(∆Alu)-MS2bs mRNA (Fig. 2c) . Results obtained in a 'rescue' experiment also suggested that mRNA-mRNA duplexes form through base-pairing between complementary 3′-UTR Figure 3 mRNA-mRNA duplexes create SBSs and trigger SMD. (a) Western blot (top) or RT-sqPCR (bottom) of lysates of HeLa Tet-Off cells transiently transfected with the specified siRNA (data for alternative siRNAs in Supplementary Fig. 3c ) in the presence of 2 µg/ml of doxycycline (Dox) and, after removal of doxycycline 48 h later, with pTRE-FLUC-SOWAHC 3′ UTR, which contains a doxycycline-repressible promoter, and the phCMV-MUP reference plasmid. A fraction of cells was harvested after an additional 4 h (time 0) and analyzed. (b) Plot of RT-sqPCR data (as in Fig. 1b) . Samples are those in a that were further processed by addition of 2 µg/ml of doxycycline to the remaining cells at time 0. Additional fractions of cells were harvested at the specified times thereafter. Error bars, s.e.m.; n = 3 independently performed experiments; P < 0.05 (χ 2 test). Fig. 4b) , and the normalized level in the presence of Df and control siRNA is defined as 100. (d) As in c, but the level of IRE-Gl mRNA was normalized to the level of cellular SMG7 mRNA ( Supplementary Fig. 4b ). Error bars, s.e.m.; n = 3 independently performed experiments; *P < 0.05 (one-tailed t test). Fig. 2a-c) : Retrieval of the FLUC-SOWAHC 3′-UTR-MS2bs mRNA with the anti-Flag antibody immunoprecipitated RLUC-PPID 3′-UTR mRNA but not RLUC-PPID 3′-UTR(AluR) mRNA, in which specifically the 3′-UTR Alu element of PPID mRNA was in reversed orientation; however, RLUC-PPID 3′-UTR(AluR) mRNA could be retrieved with FLUC-SOWAHC 3′-UTR(AluR)-MS2bs mRNA, the latter of which also contained its 3′-UTR Alu element in reversed orientation. Calnexin, protein kinase RNA-activated (PKR) and SERPINE1 mRNA, which are irrelevant, were not detectably immunoprecipitated under any condition tested (Fig. 2b,c) . Furthermore, downregulation of STAU1 decreased the co-IP of CDCP1, TUFT1 and PPID mRNAs with FLUC-SOWAHC 3′-UTR-MS2bs mRNA (Fig. 2d) , thus indicating that STAU1 stabilizes the mRNA-mRNA complexes. In agreement with formaldehydecross-linking results, in cells treated with psoralen, compared to cells that were untreated, mRNA-mRNA base-pairing between complementary 3′-UTR Alu elements was enhanced ( Supplementary  Fig. 2d,e) . Psoralen forms covalent RNA-RNA cross-links between two adjacent pyrimidine bases that are situated on opposite strands of double-stranded RNA (dsRNA) 23 .
mRNA-mRNA duplexes trigger SMD
To determine whether the reduction in mRNA abundance brought about by the observed mRNA-mRNA duplexes triggers mRNA decay, we analyzed cells transiently expressing pTRE-FLUC-SOWAHC 3′-UTR, which produces FLUC-SOWAHC 3′-UTR mRNA from a doxycycline-repressible promoter, in the presence of one of several siRNAs (Fig. 3a) 30, 45, 60 or 75 min after doxycycline treatment. Compared to control siRNA, siRNAs that downregulated STAU1 or UPF1 or CDCP1, TUFT1 or PPID mRNA significantly increased the half-life of FLUC-SOWAHC 3′-UTR mRNA ( Fig. 3b and Supplementary Fig. 3a,b) as well as the abundance of FLUC-SOWAHC 3′-UTR mRNA and RAB11FIP1 mRNA (Fig. 3a) .
SMD targets only the translated strand(s) of mRNA-mRNA duplexes
To date, only the mRNA strand of an mRNA−lncRNA (i.e., an mRNA−1/2-sbsRNA) duplex has been found to be targeted for SMD 2 , possibly, we hypothesized, because only the mRNA in the duplexes studied is translationally active 2, 24 . However, this generalization is complicated by the finding that some transcripts that have been designated as lncRNAs footprint with ribosomes, thus suggesting that their short open reading frames might be translated 25 . Nevertheless, data suggest that the RNP structures of our lncRNAs differ in uncharacterized ways from those of mRNAs even though both are largely cytoplasmic. In general, nine in ten siRNAs chosen to downregulate an mRNA are successful, and the degree of downregulation is to ~10% of normal; however, in general, only one in ten siRNAs chosen to downregulate a lncRNA is successful, and the degree of downregulation is to only ~50% of normal 11 (data not shown). To determine the fate of mRNA-mRNA duplexes in which one mRNA is translationally active and the other is not, we cultured HeLa cells stably expressing iron-responsive element-β-globin (IRE-Gl) mRNA 26 and transiently expressing (i) FLUC-AS 3′-UTR mRNA or FLUC mRNA, (ii) control, UPF1, STAU1 or Gl (official symbol HBB) siRNA or (iii) the reference MUP mRNA, all in the presence of either hemin or deferoxamine mesylate (Df) for 18 h before collection. IRE-Gl mRNA contains the 35-nucleotide IRE of ferritin mRNA in its 5′ UTR 26 , and the 3′ UTR of FLUC-AS 3′-UTR mRNA contains 66 nucleotides that perfectly duplex with 3′-UTR nucleotides in IRE-Gl mRNA (Fig. 4a) .
As expected, IRE-Gl mRNA was translationally active in the presence of hemin but translationally inactive in the presence of Df (Supplementary Fig. 4a) , as was ferritin mRNA (Fig. 4b) . In contrast, FLUC-AS 3′-UTR mRNA was constitutively translated (Fig. 4b) . The level of FLUC mRNA was unaffected by hemin, Df or any siRNA (Supplementary Fig. 4b ). The levels of FLUC-AS 3′-UTR mRNA and its product protein were likewise constant in the presence of either hemin or Df but elevated 2-to 3-fold in the presence of STAU1, UPF1 or Gl siRNA (Fig. 4b,c and Supplementary Fig. 4b,c) , thus indicating that it is targeted for SMD regardless of the translational status of IRE-Gl mRNA. Compared to Df, hemin decreased the level of IRE-Gl mRNA in the presence of control siRNA, a result suggesting that IRE-Gl mRNA translation is required for its own SMD ( Fig. 4d  and Supplementary Fig. 4b,c) . Consistent with this interpretation, in the presence of hemin, the level of IRE-Gl mRNA after STAU1 or UPF1 siRNA treatment, compared to control siRNA treatment, was Figure 5 Evidence that the SMD of mRNA-mRNA duplexes contributes to pancreatic adenocarcinoma cell migration and invasion. (a) RT-sqPCR and western blotting (WB) analyses of lysates of BxPC3 cells transiently transfected with the specified siRNA(s). GAPDH mRNA and calnexin are loading controls. (b) Migration and invasion assays of BxPC3 cells after transfection with the specified siRNA(s). n = 3 independently performed experiments; *P < 0.05 (one-tailed t test). (c) Model for the mechanism by which siRNA to SOWAHC mRNA, an mRNA that encodes a protein of unknown function, promotes BxPC3-cell migration and invasion. Downregulation of SOWAHC mRNA inhibits SOWAHC mRNA-CDCP1 mRNA base-pairing and thus the SOWAHC mRNA-mediated SMD of CDCP1 mRNA, an mRNA that encodes a protein that promotes cell migration and invasion. npg a r t i c l e s increased ~2-fold (Fig. 4d and Supplementary Fig. 4b,c) , i.e., the mRNA was upregulated when the level of FLUC-AS 3′-UTR mRNA was increased by either STAU1 or UPF1 siRNA treatment ( Fig. 4c and  Supplementary Fig. 4b,c ). As expected, the level of IRE-Gl mRNA was decreased in the presence of either hemin or Df and the presence of Gl siRNA (Fig. 4d and Supplementary Fig. 4b,c) . Thus, translationally active IRE-Gl mRNA, unlike translationally inactive IRE-Gl mRNA, is an SMD target by virtue of its base-pairing with FLUC-AS 3′-UTR mRNA. We conclude that when an mRNA-mRNA duplex creates an SBS through base-pairing between complementary 3′-UTR sequences, each constituent mRNA is targeted for SMD, provided that it is translated and the SBS resides sufficiently downstream of the termination codon.
SMD of mRNA-mRNA duplexes is functionally important
We next examined the biological relevance of the complex web of mRNA-mRNA duplexes that are SMD targets with a trans-well 9 assay to measure the migration and invasion indices of human pancreatic adenocarcinoma BxPC3 cells after introducing one or more siRNAs. Additionally, we assessed cell migration rates, using human keratinocyte HaCaT cells in a wound-healing, also called scrapeinjury, assay 9 . As expected 9 , downregulation of CDCP1 protein inhibited cell migration and invasion ( Fig. 5 and Supplementary  Fig. 5 ). Additionally, downregulation of SOWAHC mRNA promoted cell migration and invasion ( Fig. 5 and Supplementary Fig. 5 ). To test the hypothesis that downregulation of SOWAHC mRNA promotes cell migration and invasion by inhibiting the SMD of CDCP1 mRNA, we assessed the phosphorylation status of CDCP1 and protein kinase C-δ (PKCδ) proteins, using antibody to either phospho-(Tyr734)CDCP1 or phospho-(Tyr311)PKCδ. CDCP1 protein is known to undergo autophosphorylation, the level of which increases with an increase in CDCP1 protein cellular abundance 9 . Once autophosphorylated, CDCP1 protein binds PKCδ protein, thus resulting in an increased level of PKCδ phosphorylation that promotes cell motility 9 . In support of our hypothesis, downregulation of SOWAHC mRNA augmented the degree of CDCP1 and PKCδ phosphorylation (Fig. 5a) . Furthermore, downregulation of SOWAHC mRNA failed to increase the level of PKCδ phosphorylation or promote cell migration and invasion in the presence of CDCP1 siRNA (Fig. 5a,b) .
DISCUSSION
Mammalian-cell mRNAs have long been known to constitute the intermediates between the DNA from which they are synthesized and the proteins that they encode. Recently, mRNAs have been shown to cross-talk with other mRNAs by serving as competing endogenous RNAs, also called target mimics, that 'sponge up' microRNAs, thus minimizing the microRNA-mediated downregulation of other target mRNAs [27] [28] [29] [30] [31] . Here we report a new and unanticipated physiologically important function for mRNAs: the SMD of one or more translationally active mRNAs that base-pair through partially complementary 3′-UTR Alu elements. When both mRNAs of such an mRNA-mRNA duplex are translationally active, then each is at once regulation target and regulator because both are subjected to SMD.
The decay of a particular mRNA-mRNA duplex can in theory be fine-tuned by many variables. Variables include changes in the cytoplasmic abundance and/or translational state of one or both of the constituent mRNAs. Additionally, an increase or decrease in the number of mRNAs or lncRNAs that compete with mRNA-mRNA duplex formation, mRNA-mRNA duplex maintenance or both could fine-tune decay. It should be noted that even though levels of the six mRNAs studied in this report are comparable to each other (Supplementary Fig. 1e) , there is no need for these mRNAs to be in equal proportions to exert regulation of one another. Another possible means of regulation is alternative polyadenylation-site usage, which could either maintain or remove a 3′-UTR Alu element that is required for mRNA-mRNA duplex formation. Alternative polyadenylation-site usage affects the transcripts of more than half of human genes and is highly regulated depending on tissue-type and/or proliferation or differentiation state 19, 32 .
It is becoming clear that human cells have usurped 3′-UTR Alu elements for a multitude of regulatory purposes. Studies of a newly discovered type of regulation by intramolecular base-pairing between inverted repeat 3′-UTR Alu elements (3′-UTR IRAlus) have revealed that STAU1 binding to 3′-UTR IRAlus competes with binding of other dsRNA-binding proteins-p54 nrb within nuclei and protein kinase R (PKR) within the cytoplasm-so as to preclude p54 nrb -mediated nuclear retention in paraspeckles and also PKR-mediated translational repression in the cytoplasm 33 . Given the overlap with which dsRNA-binding proteins recognize duplexes formed by base-pairing between 3′-UTR Alu elements, it will be interesting to determine how dsRNA-binding proteins other than STAU1 and STAU2 recognize and influence the metabolism of mRNA-mRNA duplexes.
METhODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METhODS
Computational analyses. Two files, Homo_sapien_GRCh37.62.cdna.all.fa, which contains the sequence of each transcript, and Homo_sapien_GRCh37.62.gft, which contains splicing site(s) and coding-region information for each human transcript, were downloaded from ENSEMBL (http://www.ensembl.org/). The 3′-UTR sequences were extracted and applied to RepeatMasker (http://www. repeatmasker.org/) for identification of 3′-UTR Alu elements. The DuplexFold function of RNAstructure (http://rna.urmc.rochester.edu/RNAstructureWeb/) was used to computationally predict the ∆G of derived human mRNA-mRNA duplexes formed through base-pairing of partially complementary 3′-UTR Alu elements (the file with the ∆G data is accessible through: https://docs.google. com/uc?id=0B1M5CYIr3c96ZDdnTFhuNUcyYUE&export=download/). Intermolecular duplexes between the 3′-UTR Alu elements of specific mRNAs were computationally predicted with the Perl program RNA_RNA_anneal 2 .
Plasmid constructions. For pFLUC-SOWAHC 3′ UTR(∆Alu), pFLUC-SOWAHC 3′ UTR 2 , which contains the complete 3′ UTR of SOWAHC mRNA, was PCR amplified using two sets of primer pairs: 5′-GAGTCAAAGCTTATG GAAGACGCCAAAAACATAAAG-3′ (sense A) and 5′-CATTCATCTTTCAT CCATCTTTAAACAAATTC-3′ (antisense A); and 5′-GGATGAAAGATGAA TGAAAATATGAAATATATAAAC-3′ (sense B) and 5′-GTCAGGGCCCTTTC ACAAAACAAACTTTACAGATTTTACAATCTCCC-3′ (antisense B), where underlined nucleotides specify HindIII and ApaI sites, respectively. The resulting two PCR products were mixed and PCR amplified using the sense A and antisense B primer pair. This PCR product was cleaved with HindIII and ApaI and subsequently inserted into HindIII-and ApaI-cleaved pFLUC.
For pFLUC-SOWAHC 3′ UTR-MS2bs or pFLUC-SOWAHC 3′ UTR(∆Alu)-MS2bs, pFLUC-SOWAHC 3′ UTR or pFLUC-SOWAHC 3′ UTR(∆Alu) was PCR amplified using the primer pair 5′-GAGTCAAAGCTTATGGAAGACGCCAA AAACATAAAG-3′ (sense) and 5′-GTCAGGATCCGAGACAGAGTCTCCG TTGCCCAGG-3′ (antisense), where underlined nucleotides denote a HindIII or BamHI site, respectively. The resulting PCR products were cleaved using HindIII and BamHI and subsequently inserted into HindIII-and BamHI-cleaved pFLUC-MS2bs 2 .
For pFLUC-AS 3′ UTR, pFLUC was PCR amplified using two sets of primer pairs: 5′-GAGTCAAAGCTTATGGAAGACGCCAAAAACATAAAG-3′ (sense C) and 5′-CTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACT AATAAAATGAGGAAATTGCATCGC-3′ (antisense C); and 5′-TGGGGGAT ATTATGAAGGGCCTTGAGCATCTGGATTCTGCCATGGCTGGCAACTAG AAGGCACAG-3′ (sense D) and 5′-GTCACCTAGGCCTCCAAAAAAGCCTC CTCACTAC-3′ (antisense D). The resulting two PCR products were mixed and PCR amplified using the sense C and antisense D primer pair. This PCR product was cleaved using HindIII and AvrII and subsequently inserted into HindIII-and AvrII-cleaved pFLUC.
For pTRE-FLUC-SOWAHC 3′ UTR, FLUC-SOWAHC 3′ UTR was PCR amplified using pFLUC-SOWAHC 3′ UTR and the primer pair 5′-GAGTCA AAGCTTATGGAAGACGCCAAAAACATAAAG-3′ (sense) and 5′-GTCA GAATTCGAGACAGAGTCTCCGTTGCCC-3′ (antisense), where underlined nucleotides denote a SacII or EcoRI site, respectively. The resulting PCR product was digested using SacII and EcoRI and subsequently inserted into SacII-and EcoRI-cleaved pTRE (Clontech).
For pFLUC-SOWAHC 3′ UTR(AluR)-MS2bs, in which specifically the Alu element was present in reverse orientation (R), pFLUC-SOWAHC 3′ UTR-MS2bs was PCR amplified using three sets of primer pairs to generate PCR products E, F and G, respectively: 5′-CTTAATTTTCCAAGCTTTTCTTGAC-3′ (sense E) and 5′-TTTCATCCATCTTTAAACAAATTCAATGACC-3′ (antisense E); 5′-CATATTTTCATTCATCGGCCAGGCATGGTGGCTCATGCC-3′ (sense F) and 5′-GTTTAAAGATGGATGAAATTTTTTTTTTTTTTTTTTGAGACAGA GTCTCCGTTGCCC-3′ (antisense F); and 5′-GATGAATGAAAATATGAAAT ATATAAAC-3′ (sense G) and 5′-CAGTGGGAAAACCATGGTAAATGAC-3′ (antisense G). PCR products E and F were mixed and PCR amplified using the sense E and antisense F primer pair to generate PCR product EF. Then PCR products EF and G were mixed and PCR amplified using the sense E and antisense G primer pair. This PCR product was cleaved using HindIII and NcoI and subsequently inserted into HindIII-and NcoI-cleaved pFLUC-SOWAHC 3′ UTR-MS2bs.
For pRLUC-PPID 3′ UTR, the complete 3′ UTR of PPID mRNA was amplified using HeLa-cell genomic DNA and primer pair 5′-GATGTCTAGAGTGAAAA GGATTCAGTTTTGCTTATTGTGTG-3′ (sense) and 5′-GTCAGGGCCCCA ATAAGATGTGTCTTTACAAGTTTAAAAAGACTGGACACC-3′ (antisense). The resulting PCR product was cleaved using XbaI and ApaI and subsequently inserted into XbaI-and ApaI-cleaved pRLUC 19 .
For pRLUC-PPID 3′ UTR(AluR), pRLUC-PPID 3′ UTR was PCR amplified using three sets of primer pairs: 5′-GATGTCTAGAGTGAAAAGGATTCAGTTT TGCTTATTGTGTG-3′ (sense H) and 5′-CCACTTTACTTACTGTATTGTGAC-3′ (antisense H); 5′-CCATTTTAAAAAACATTTTACTTTTTTGTTTGTTT CTTTGAGATGGAG-3′ (sense I) and 5′-ACAGTAAGTAAAGTGGGGCC GGGCACGGTGGCTCACACC-3′ (antisense I); and 5′-AAGTAAAA TGTTTTTTAAAATGG-3′ (sense J) and 5′-GTCAGGGCCCCAATAAGATGT GTCTTTACAAGTTTAAAAAGACTGGACACC-3′ (antisense J). PCR products H and I were mixed and PCR amplified using the sense H and antisense I primer pair to yield PCR product HI. Then HI and J were mixed and PCR amplified using the sense H and antisense J primer pair. This PCR product was cleaved using XbaI and ApaI and subsequently inserted into XbaI-and ApaI-cleaved pRLUC-PPID 3′ UTR.
For pFLUC-artificial 3′ UTR (shuffle), pFLUC was PCR amplified using two sets of primer pairs: 5′-GAGTCAAAGCTTATGGAAGACGCCAAAAACATA AAG-3′ (sense K) and 5′-GATGGCTGAAGGAAGGAGGACAGTGGGAGTG GCACCTTCCAGGGTCGCAACTAGAAGGCACAGTCGAGGC-3′ (antisense K); and 5′-ACTGTCCTCCTTCCTTCAGCCATCTGTTGTTTGCCCCTCCCC CGTGTCCTAATAAAATGAGGAAATTGCATCGC-3′ (sense L) and 5′-GTCA CCTAGGCCTCCAAAAAAGCCTCCTCACTAC-3′ (antisense L). The resulting two PCR products were mixed and PCR amplified using the sense K and antisense L primer pair. This PCR product was cleaved using HindIII and AvrII and subsequently inserted into HindIII-and AvrII-cleaved pFLUC.
To construct (i) pAS lncRNA 1-68, (ii) pAS lncRNA 1-30 and (iii) pAS lncRNA39-68, p1/2-sbsRNA1(S) 2 was PCR amplified using two sets of primer pairs: (i) 5′-GAGTCAAAGCTTAAAGGAGAGACAGTCTCACTCTG-3′ (sense M) and 5′-CCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTC CTACAAAGAAAATTAAATTAGCAGGG-3′ (antisense N), and 5′-CCAGGGT CAAGGAAGGCACGGGGGAGGGGCAAACAACAGATGGCTGTTAGGATT
